1. Introduction
===============

Rapid transfusion of red blood cells (RBCs) is often necessary in cases of massive hemorrhage, and for such a procedure, the use of an externally applied pneumatic pressure device can be helpful. External pneumatic pressure devices can achieve flow rates of 3 to 27 mL/min depending upon external pressure ranging from 0 to 300 mmHg using a 20-gauge needle without dilution.^\[[@R1]\]^ However, potential disadvantages of externally applied pressure include decreased deformability of RBCs and hemolysis caused by greater shear stress on erythrocytes. The shear stress is generated by the turbulent blood flow passing through the transfusion set or by the direct pressure applied to the cells in the blood bag.^\[[@R2]\]^

Indeed, several studies indicated that the application of higher external pressure results in greater hemolysis of transfused blood.^\[[@R2]--[@R5]\]^ Shear stress may induce hemolysis. According to previous reports, external pneumatic pressure on a blood bag up to 300 mmHg may increase plasma-free hemoglobin, which is evidence of hemolysis.^\[[@R2],[@R3]\]^ The RBC deformability may also be reduced by shear stress exceeding physiological levels.^\[[@R6]\]^ With appropriate external forces, RBCs undergo large mechanical deformation without rupture and then are restored to their original shape when released.^\[[@R7]\]^ Furthermore, the duration of storage can affect the function of RBCs. Berezina et al^\[[@R8]\]^ reported that the deformability of RBCs was normal on the fifth and seventh days of storage, but the deformability was significantly decreased on the 14th day of storage and remained low throughout the remainder of the storage period.

Thus, externally applied high pneumatic pressure on RBCs and the storage period may affect RBC deformability and hemolysis due to increased shear stress, especially in aged blood. Therefore, the purpose of this study was to measure the degree of hemolysis and the alteration of RBC deformability using the elongation index under varying external pressure in fresh and aged blood.

2. Methods
==========

2.1. Blood samples
------------------

After approval from the Korea University Anam Hospital Ethics Committee (IRB No. MD13015), informed consent was obtained from all volunteers. Venous blood samples were obtained from 40 healthy human volunteers with American Society of Anesthesiologists physical status I or II, aged between 20 and 50 years. Exclusion criteria included a history of abortion or delivery within the past 6 months, previous hemoglobin level \<13 g/dL, blood pressure over 140/90 mmHg, bradycardia (under 50 beats/min), tachycardia (over 100 beats/min), and body temperature over 37.5 °C. The sampling was performed from the antecubital vein using a 16-gauge needle. Two units (total 600 mL) of whole blood were obtained from each participant and stored in a blood bag (Worldmedipharm, Uiwang-si, Korea) containing 56 mL of citrate phosphate dextrose adenine-1. The blood was preserved in a refrigerator maintained at 4 °C. Two blood samples were tested on day 5 after sampling, and another sample was tested on day 35.

2.2. Application of pressure
----------------------------

A CONSORT flow diagram of the experimental protocol is shown in Fig. [1](#F1){ref-type="fig"}. The collected blood was divided into 2 groups: one group with blood evaluated on day 5 after blood sampling and another with blood evaluated on day 35 after blood sampling. These 2 groups were divided into 5 subgroups: no external pressure (0), 150, 200, 250, and 300 mmHg. Most commercially available external pneumatic devices are designed to apply a maximum pressure of 300 mmHg. Four different types of pressure were applied using an external pneumatic pressure device (Auto PC; Acemedical, Goyang-si, Korea). The blood bag was connected to an infusion set with a length of 20 cm and an internal diameter of 0.8 cm. Each unit was then run through a 20-gauge catheter without dilution and collected in a beaker. Blood samples for measuring deformability were collected 5 minutes after the initiation of pressurized RBC infusion.

![Diagram of experimental protocol.](medi-97-e11460-g001){#F1}

2.3. Laboratory studies
-----------------------

Laboratory analysis of blood samples was performed as a control experiment to determine the effect of the duration of storage on the sampling day. After infusion under varying external pressure (150, 200, 250, and 300 mmHg), the blood samples were evaluated for hemoglobin, serum potassium, hematocrit, and RBC counts. The laboratory analysis of each blood sample was performed within 5 minutes after the initiation of the pressurized RBC infusion.

2.4. Scanning electron microscopy
---------------------------------

The RBCs in the blood samples from the different subgroups of applied external pressure were observed through scanning electron microscopy (SEM) using an S4700 FE-SEM (Hitachi, Tokyo, Japan) electron microscope. Centrifuged blood cells were fixed in phosphate-buffered (pH 7.2--7.4) 2.5% glutaraldehyde for 2 hours, washed twice in 0.1 M phosphate buffer (pH 7.2--7.4), and mounted on poly-L-lysine-coated glass slides. The glass slides were kept in a moist atmosphere for 1 hour, washed in phosphate buffer, post-fixed in 1% osmium tetroxide for 1 hour, rinsed in distillated water, and dehydrated in graded ethanol (50%, 70%, 90%, and 100%). After drying in air and covering with a gold layer by ion transfer, the samples underwent SEM analysis. The percentages of irreversibly changed cells were evaluated by counting 245 to 1455 cells in randomly chosen fields. The different cell shapes were identified using Bessis classification.^\[[@R9]\]^

2.5. Assessment of deformability using the elongation index
-----------------------------------------------------------

On completion of blood infusion, the tested blood remained in the beaker for 30 seconds until testing for deformability. To measure deformability of RBCs, a microfluidic ektacytometer (Rheoscan-D; Rheo Meditech, Seoul, Korea) was used. A suspension of RBCs was made by mixing 5 μL of whole blood and 5 mL of 0.14 mM polyvinylpyrrolidone (molecular weight 360,000). The suspension was then made to flow between a rectangle slit with a 3 Pa shear stress, which is similar to that of the microcirculation. The diffraction pattern of the RBCs was analyzed every 0.5 seconds and data were recorded using a charge-coupled device camera connected to a frame grabber equipped with a computer. RBC elongation indices (EI) were monitored and calculated using the long and short axes of the elliptical diffraction patterns (*a* and *b*, respectively) as: 

2.6. Statistical analysis
-------------------------

Data are presented as the mean ± SD. Data were analyzed using standard computer software (PASW Statistics version 18.0.0; SPSS Inc., Chicago, IL). To determine the effect of varying external pressure on irreversible changes in RBCs, laboratory findings and elongation index data were assessed for normality and then compared using one-way analysis of variance or Kruskal-Wallis testing as appropriate. Post hoc comparisons were made using the Tukey test. The results of SEM, which was performed under pressures of 0 and 300 mmHg, were analyzed using the *t* test. Statistical significance was defined as *P* \< .05.

3. Results
==========

3.1. Scanning electron microscopy
---------------------------------

SEM images of RBCs on days 5 and 35 of storage are shown in Fig. [2](#F2){ref-type="fig"}. The numbers of RBCs according to shape criteria were counted using SEM. Discocytes dominated among the cell population, and only a few irreversibly changed RBCs could be seen on day 5 of storage. The proportion of irreversibly changed RBCs on day 5 of storage was 11.6% ± 6.9% under 0 mmHg and 11.1% ± 6.4% under 300 mmHg. Spheroechinocytes and degenerated forms dominated among irreversibly changed RBCs on day 35 of storage. The proportion of irreversibly changed RBCs on day 35 of storage was 56.7% ± 20.6% under 0 mmHg and 58.0% ± 20.7% under 300 mmHg. The proportion of irreversibly changed RBCs varied significantly depending on the length of the storage period, 5 or 35 days (*P* = .02 under 0 mmHg and *P* = .02 under 300 mmHg). However, the proportion of irreversibly changed RBCs did not differ significantly according to the shear stress of 0 or 300 mmHg on day 5 of storage (*P* = .41) or on day 35 of storage (*P* = .86).

![Scanning electron microscopy images of red blood cells (RBCs). (A) RBCs under 0 mmHg on day 5 of storage, (B) RBCs under 300 mmHg on day 5 of storage. (C) RBCs under 0 mmHg on day 35 of storage, (D) RBCs under 300 mmHg on day 5 of storage. Original magnification is ×1000.](medi-97-e11460-g003){#F2}

3.2. Laboratory analysis
------------------------

The baseline laboratory data for fresh blood is shown in Table [1](#T1){ref-type="table"}. There were no significant differences in hemoglobin levels, hematocrit, RBC counts, platelet counts, or serum potassium levels among blood samples subjected to all levels of external pressure (Table [2](#T2){ref-type="table"}). In both groups of blood stored for 5 and 35 days, the serum potassium level was increased relative to the baseline laboratory data. The hematocrit and RBC counts were decreased in blood stored for 5 and 35 days relative to the baseline laboratory data (*P* \< .05). Moreover, the increase in potassium was higher, and the platelet count was lower on day 35 of storage than on day 5 of storage (*P* \< .05).

###### 

Laboratory studies of fresh blood.
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###### 

Laboratory studies on 5- and 35-day aged blood under varying external pressure.
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3.3. Deformability using the elongation index
---------------------------------------------

The mean values of the elongation indices of fresh and aged blood at the different levels of pressure are summarized in Table [3](#T3){ref-type="table"}. There was no significant difference in the blood samples among all levels of external pressure. Moreover, there was no significant difference between the blood samples stored for 5 or 35 days, with values within normal range.

###### 

Elongation index.
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4. Discussion
=============

Our results showed that the proportion of irreversibly changed RBCs increased depending on the storage period; however, we did not observe any differences based on the varying external pressure. As the length of the storage period increased, the potassium level increased and the platelet count decreased. However, hemolysis was not influenced by the level of external pneumatic pressure up to 300 mmHg applied to blood stored for 5 or 35 days. The elongation index of RBCs also was not influenced by external pneumatic pressure up to 300 mmHg in blood stored for up to 35 days.

RBCs manifesting into echinocyte and stomatocyte shapes can return to the discocyte shape under certain conditions. Thus, these RBC shape changes are considered potentially reversible transformations. In contrast, RBCs assuming spheroechinocyte, spherostomatocyte, spherocyte, ovalocyte, and degenerated shapes are irreversibly changed.^\[[@R8]\]^ A previous study^\[[@R8]\]^ showed that mainly discocytes appeared, and there were only a few irreversibly changed RBCs on days 5 and 7 of storage. However, as the storage period increased, echinocytes and spheroechinocytes dominated and the proportion of irreversibly changed RBCs increased. Our results were similar. However, the proportion of irreversibly changed RBCs did not increase according to external pneumatic pressure.

The viability of RBCs is influenced by biochemical and mechanical factors. Mechanical factors can affect the destruction of erythrocytes when transfused and can be affected by the anesthesiologist. Cellular destruction by blood flow systems occurs as hemolysis, and the degree of hemolysis is directly related to the magnitude of cellular--solid surface interactions and shear stress.^\[[@R10]\]^ Hemolysis can increase with increased infusion pressure and erythrocyte age. Hemolysis of erythrocytes increases directly with driving pressure,^\[[@R2],[@R3],[@R11]\]^ but some studies reported that transfusion up to 300 mmHg did not cause significant hemolysis.^\[[@R1],[@R10],[@R12]\]^ In our study, hemolysis also was not affected by external pressure up to 300 mmHg but was affected by the duration of storage. Similar to our report, previous studies^\[[@R13]\]^ showed that hemolysis is maximum during the first week and increases during storage. Another study reported that during RBC storage, there were gradual increases in the levels of plasma potassium and hemoglobin,^\[[@R14]\]^ which are plasma markers of cellular damage.

When RBCs are pressurized, their shapes change. RBCs at rest have an average diameter of 7.8 μm and must deform markedly to pass through the smallest capillaries of the microcirculation (3--7 μm). Therefore, the deformability of RBCs is important because it determines their orientation within laminar flow streams and their ability to traverse the microcirculation. This deformation of RBCs is reversible, and the biconcave-discoid shape of the RBC is maintained after the removal of the deforming forces.^\[[@R15]\]^ Shear forces exceeding physiological levels may induce RBC damage ranging from alterations in cellular properties to hemolysis.^\[[@R16]\]^ Baskurt et al^\[[@R17]\]^ and Mohandas et al^\[[@R18]\]^ reported that shear stress in the range of 100 to 300 Pa (0.75--2.25 mmHg) can induce a decrease in RBC deformability. Furthermore, RBCs can withstand shear stress up to 300 Pa for only short periods (\<1 second) without hemolysis.^\[[@R11]\]^ These alterations in membrane properties were attributed to mechanical breakdown of the membrane skeletal network due to prolonged near-maximal linear extension.^\[[@R19]\]^ Thus, previous studies suggest that more hemolysis occurrs in RBCs subjected to more shear stress under higher external pressure.^\[[@R2],[@R3]\]^ However, in our study, despite increasing shear stress, there was no significant difference in the elongation index.

Our study had some limitations. First, we used a 20-gauge catheter to infuse blood. Because smaller-gauge catheters cause more hemolysis,^\[[@R2],[@R4]\]^ using a smaller-gauge catheter may have shown a difference in deformability according to pressure. However, the most common catheter size in procedures and operations in adults is 20 gauge. In addition, in situations in which a massive transfusion is needed, medical staff insert a peripheral intravenous or central line with a catheter that is \>20 gauge. Therefore, the result of this study will be helpful in ordinary clinical settings. Second, the sample size we analyzed was small. Additional research with more blood samples is needed to confirm our results.

In conclusion, deformability of RBCs was not influenced by external pneumatic pressures of up to 300 mmHg. However, the duration of blood storage significantly affected hemolysis.
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